Computer-aided analysis of rigid-body mechanisms is combined with the finite element analysis of flexible structures to develop a computer model and derive the equation of motion, incorporating the Lagrange multiplier, to be used in the dynamic analysis of multi-rigid-body mechanisms mounted on flexible support structures. The resulting equations are solved by numerical integration. Predicting and analyzing the performance of the full system, including the motion of the system components and the forcing condition, during the engineering design process will promote the success of the entire system. Finally, a machine gun system with a flexible mount is given as a numerical example. The results reveal that the interaction between the rigid-body mechanisms and its flexible support structures importantly determines the performance of whole system. This study considers only the planar case. Our future work will propose a more complicated fully three-dimensional model.
Introduction
In daily life, numerous multi-rigid-body mechanisms are mounted on flexible support structures. These include machine gun systems mounted on flexible tripods, radar antennas or wind turbine power generators mounted on long slender structures, tower cranes in construction sites, precision machines mounted on flexible bases and the flexible elements of robot systems, among others. Various investigations have modeled combined rigid-and flexible-body dynamics, but most address only simple beams and rigid bodies -not mechanisms. These techniques include a computational analysis based on the finite-element method for determining the dynamic response of a rotating shaft on a flexible support structure with clearances [1] . The modal characteristics of a typical rigid-flexible coupling system that comprises a rigid hub and a flexible beam have been studied [2] [3] . General formulations of the motion of a rigid body hinged to a deformable rod, the stability of motion of a rotation disk-flexible rod system and the 3D motion of a rigid body during its transport, have been described [4] [5] [6] . Since the 1980s, many analytical and numerical techniques for elucidating mechanical systems and multibody systems have been presented [7] [8] [9] . According to the theory for modeling guns, a gun mechanism can be assumed to be a combination of rigid components and its support simplified as a rigid body suspended on two springs [10] . This work presents detailed equations of motion for a multi-rigid-body mechanism and a flexible support structure that are connected via rigid joints. The resulting equations, which consist of two equations of motion -with multi-rigid-body and flexible finite elements -are then integrated numerically.
Equation of motion
Multi-rigid-body mechanisms. In planar dynamic analysis, the equations of motion for the constrained multi-rigid-body system and the acceleration equations are employed [7] . It can be written as,
(1)
where the mass matrix of rigid bodies [ ] r M is a diagonal nonsingular matrix; ) (t g includes the vectors of the applied forces that act on all of the bodies in the system; the constraint Jacobian matrix [ ] r q Φ is a function of r q , which is the vector of global x-, y-coordinates of the mass center and rotational angle of every body in the mechanism; r q& & is the vector of acceleration; γ is the vector of quadric terms of velocities in the acceleration equations, and λ is the vector of Lagrange multipliers. Flexible structure. The finite element method has now become an important tool in analysis and design, and is used commonly by structural engineers. In this work the equations of motion for flexible structures are given as follows [11] ;
(2)
where 
(3)
where ) (t g comprises the vectors of applied forces that act on all of the rigid components and the support structure in the system, λ is the vector of Lagrange multipliers;
are the vectors of coordinates and acceleration, respectively; [ ] q Φ is the constraint Jacobian matrix incorporating all of the kinematic constraints associated with multi-rigid-body mechanisms and the rigid joint.
Numerical example
A fictitious machine gun system mounted on flexible tripod via a rigid joint is considered as an example here. This model can be used to simulate the motion of gun components, the deformation of the gun mount structure and the effect of coupling between them in various firing situations. A FORTRAN program is developed for conducting a planar dynamic analysis of this case. Following the simplification, the system consists of a buffer spring, a recoil spring, a bullet, a receiver, a bolt and 590 Progress on Advanced Manufacture for Micro/Nano Technology 2005 a tripod; the latter is divided into several elements. Figure 1 presents a diagram of the system model. Tables 1 and 2 Single-round firing condition. The firing angle is set to zero degree; the propellent force is 2000Nt, and the integration time step is 10 -5 second. The results demonstrate that the cyclic time of a single shot is 0.1362 second. Figure 2 displays the trajectory of the receiver. At the end of the shooting, the receiver has reached a position with downward and rearward displacements from its initial position. These match the recoil motion felt by the gunner. At the final stage of the recoil of the bolt, the recoil spring and the buffer spring are compressed simultaneously; accordingly, a slight variation occurs at point A in Fig. 2 . The receiver does not return to its initial position at the end because of the effect of the tripod. The rotation angle of the receiver is the firing angle of the gun in this case. It dominates the following analysis of the accuracy and precision of firing. Figure 4 plots the rotation angle of the receiver and the rigid joint. Notably, they are consistent with each other, indicating that the constraint equations were applied correctly in the developed program. The coupling between the mechanisms and the tripod causes the tripod to be deformed by recoil force. Figure 5 magnifies the resulting nodal displacements by a factor of 100 times. Three-round burst firing condition. The initial conditions are the same as those associated with firing a single round. After simulation, the cyclic time for 3-round burst firing is 0.3303 second; the first round takes 0.1362 second; the second round takes 0.1035 second and the third round takes 0.0906 second. Coupling becomes stronger. Why does each round have different cyclic times? The answer concerns the fact that during the second and the third round, all parts of the gun and the tripod have non-zero initial velocities. Therefore, after the second round and the third round have been fired; the receiver undergoes much larger displacement, as presented in Fig. 6 . 
Conclusions
A systematic approach is developed to formulate the dynamic response of a multi-rigid-body mechanism and its support structure. The interaction between them is monitored in real time, to predict and analyze the performance of the overall system in advance, supporting further improvements to the system.
